Background Alteplase is eff ective for treatment of acute ischaemic stroke but debate continues about its use after longer times since stroke onset, in older patients, and among patients who have had the least or most severe strokes. We assessed the role of these factors in aff ecting good stroke outcome in patients given alteplase.
Introduction
Intravenous alteplase (recombinant tissue plasminogen activator) is approved for the treatment of acute ischaemic stroke. Previous analyses of pooled data from randomised trials concluded that alteplase is benefi cial when administered to some patients within 4·5 h, but that the magnitude of benefi t diminishes with increasing treatment delay. 1, 2 However, uncertainties remain about the balance of benefi t and risk when alteplase is given later after onset of symptoms, to older patients, or to patients with very severe or mild strokes. Present guidance [3] [4] [5] [6] and marketing authorisation 7, 8 from Europe and elsewhere recommends the routine use of alteplase within 4·5 h of stroke onset but, in the USA, the Food and Drug Administration has approved the use of alteplase only within 3 h of stroke onset. 9 Marketing authorisation for Europe 7 and Australia, 8 but not for the USA 9 or Japan, cautions against the use of alteplase for severe and mild stroke. Marketing of alteplase in some European countries is also restricted to patients younger than 80 years 7 (despite clinical guidelines based on observational studies that recommends its use in older patients 3, [10] [11] [12] , whereas no such age restriction applies in many other countries, including the USA.
IST-3 13 -designed to resolve some of these uncertainties-included 3035 patients randomly assigned to alteplase or control up to 6 h after the onset of stroke. The principal investigators from IST-3 and other trials of alteplase [13] [14] [15] [16] [17] [18] [19] agreed to make their individual-patient data available for analysis. The chief goal of this analysis was to explore the extent to which treatment delay aff ected the eff ect of alteplase and to establish whether age or stroke severity aff ected treatment eff ects. These analyses assessing potential eff ect modifi cation are only possible with individual patient data. Key secondary aims included estimating the eff ect of alteplase on symptomatic intracranial haemorrhage and on 90-day mortality.
Methods

Study design and inclusion criteria
We established a collaboration to undertake this metaanalysis of individual patient data. We included all completed randomised phase 3 trials of intravenous alteplase for treatment of acute ischaemic stroke for which data were available. Retrospective checks confi rmed that no eligible trials had been omitted. These checks included reference to a previous systematic review, 20 an updated review of the Cochrane Stroke Group's Specialised Register of Trials, and enquiry among collaborators and the manufacturer of alteplase (Boehringer Ingelheim, Ingelheim, Germany). Individual patient data were sought from eligible trials. Before accessing the combined dataset, the collaboration agreed on a statistical analysis plan. 21 The study protocol is available online. 
Outcomes
Our a-priori primary measure of treatment effi cacy was the proportion of patients who had a good stroke outcome, defi ned by a modifi ed Rankin score (mRS) of 0-1 (ie, symptom-free or residual symptoms with no loss of activity) at 3-6 months. 3-month assessments were to be used if available, but for IST-3 we used a 6-month assessment because no 3-month assessment was done. We mapped the Oxford Handicap Scale outcome assessment used in IST-3 to equivalent mRS categories. Key secondary outcomes were fatal intracranial haemorrhage within 7 days, any symptomatic intracranial haemorrhage, and 90-day mortality (separated by cause where possible). For a full list of secondary outcomes, see the pre-specifi ed statistical analysis plan. 21 Symptomatic intracranial haemorrhage was defi ned in two ways: parenchymal haemorrhage of type 2 within 7 days 16 and the SITS-MOST study 22 defi nition of type 2 parenchymal haemorrhage within 36 h. For IST-3, type 2 parenchymal haemorrhage within 7 days was approximated by signifi cant brain parenchymal haemorrhage local or remote from the infarct, or signifi cant haemorrhagic transformation of an infarct on brain imaging within 7 days. The SITS-MOST defi nition was approximated in IST-3 as evidence within 24 h of clinically signifi cant deterioration or death together with evidence of either signifi cant brain parenchymal haemorrhage (local or distant from the infarct) or signifi cant haemorrhagic transformation of an infarct on brain imaging which, in the judgment of the adjudication panel, was likely to have worsened mass eff ect or contributed to the burden of brain damage.
Statistical analysis
A full description of the analyses is provided in the prespecifi ed statistical analysis plan. 21 Briefl y, we used logistic regression, stratifi ed by trial, to model the common linear dependence of the log odds of a particular outcome on allocation to alteplase, treatment delay (a linear variable), age (a linear variable), baseline stroke severity (National Institutes of Health Stroke Scale [NIHSS] score, modelled by both linear and quadratic terms), and interactions between allocation to alteplase and each of these other baseline covariates. (The odds ratio estimates presented here are of course more extreme than corresponding risk ratio estimates would be, but have the advantage that they may be more generalisable among patients with diff ering likelihood of a good stroke outcome.) We cross-checked individual data against previous publications. We imputed missing data with prespecifi ed rules. 21 We assessed the extent to which treatment delay, age, and stroke severity modifi ed (individually or jointly) the proportional eff ects of treatment by assessing the statistical signifi cance of the relevant treatment interaction terms using likelihood ratio tests (ie, through comparison of minus twice the log-likelihood statistic between appropriate nested models). Other prespecifi ed analyses included assessment of treatment eff ects separately according to categories of treatment delay that relate to present licence issues and previous trial time limits (≤3·0 h, >3·0≤4·5 h, >4·5 h), age (≤80 years, >80 years), and baseline stroke For the study protocol see http://www.ctsu.ox.ac.uk/ research/meta-trials/stt-1
Figure 1: Eff ect of timing of alteplase treatment on good stroke outcome (mRS 0−1)
The solid line is the best linear fi t between the log odds ratio for a good stroke outcome for patients given alteplase compared with those given control (vertical axis) and treatment delay (horizontal axis; p interaction =0·016). Estimates are derived from a regression model in which alteplase, time to treatment, age, and stroke severity (handled in a quadratic manner) are included as main eff ects but the only treatment interaction included is with time to treatment. Only 198 patients (159 from IST−3) had a time from stroke onset to treatment of more than 6 h. The white box shows the point at which the estimated treatment eff ect crosses 1. The black box shows the point at which the lower 95% CI for the estimated treatment eff ect fi rst crosses 1·0. mRS=modifi ed Rankin Scale.
Figure 2:
Eff ect of alteplase on good stroke outcome (mRS 0−1), by treatment delay, age, and stroke severity *For each of the three baseline characteristics, estimates were derived from a single logistic regression model stratifi ed by trial, which enables separate estimation of the OR for each subgroup after adjustment for the other two baseline characteristics (but not for possible interactions with those characteristics). mRS=modifi ed Rankin Scale. 
Alteplase better severity (NIHSS score 0-4, 5-10, 11-15, 16-21, ≥22). If we had data for the timing of events (eg, mortality within 90 days), we estimated average relative risks with the hazard ratios (HRs) from analogous Cox proportional hazards regression models, with a test of the proportionality assumption provided by examination of the time-dependency of the Schoenfeld partial residuals. 23 All estimates of treatment eff ect compared patients allocated alteplase with patients not allocated alteplase, and all treatment eff ect size estimates are provided with their 95% CIs (calculated when necessary with biascorrected and accelerated-corrected bootstrap techniques 24 ) with p values less than 0·05 considered statistically signifi cant. We did the analyses with SAS (version 9.3) and R (version 2.11.1).
Role of the funding source
The funders had no role in study design, data collection, data analysis, data interpretation, or writing of the report. The corresponding author had full access to all the data and responsibility for the decision to submit for publication.
Results
We obtained data for 6756 participants from nine trials (eight trials involving 3721 participants randomly assigned to alteplase versus placebo and one trial 13 involving 3035 participants assigned to alteplase versus open control; table 1); 3391 patients were given alteplase and 3365 were given control. Individual data were not available for fi ve trials [25] [26] [27] [28] [29] involving 270 participants. 6602 (98%) of 6756 participants had complete baseline information for treatment delay, age, and stroke severity. None of our results changed substantially according to the choice of imputation for missing data, including exclusion of those with missing data (data not shown).
On average, patients in IST-3 were 11 years older than were patients in the eight previous trials and received treatment 20 min later, but they had the same mean baseline stroke severity (appendix p 1). Strong relationships existed between patient age, treatment delay, and stroke severity in all trials (appendix p 4). Patients with severe strokes were treated earlier andparticularly in IST-3-older patients had more severe strokes. In IST-3, but not previous trials, patients treated earlier also tended to be older than were patients treated later. Although 588 (19%) of 3035 participants in IST-3 treated within 4·5 h of onset of stroke were aged 80 years or younger, most of these (372 [63%]) were enrolled before revised European guidance in January, 2009, recommending the routine use of alteplase for this group. 4 Baseline characteristics were well balanced by treatment allocation for the pooled data (appendix p 2). Overall, 2110 (31%) of 6756 patients achieved a good stroke outcome (mRS of 0 or 1) at 3-6 months (appendix p 3). Alteplase signifi cantly increased the odds of a good outcome, with earlier treatment resulting in signifi cantly
Figure 3: Eff ect of alteplase on a good stroke outcome (mRS 0−1) by age, with diff erent treatment delays
Eff ect of age on the interaction between treatment delay and treatment eff ect p=0·08 (ie, not signifi cant but, if anything, in the direction of it lengthening, not shortening, the period during which alteplase is eff ective in older people). *All six estimates derived from a single stratifi ed logistic regression model that enables the odds ratio to be estimated separately for each group (also adjusted for baseline National Institutes of Health Stroke Scale score). mRS=modifi ed Rankin Scale.
Figure 4:
Eff ect of alteplase on fatal intracranial haemorrhage within 7 days by treatment delay, age, and stroke severity *For each of the three baseline characteristics, estimates were derived from a single logistic regression model stratifi ed by trial, which enables separate estimation of the OR for each subgroup after adjustment for the other two baseline characteristics (but not possible interactions with those characteristics). The overall eff ect in all patients is the trial-stratifi ed logistic regression estimate adjusted only for treatment allocation. NE=not estimable. greater proportional benefi t (p=0·016 for trend of increasing proportional benefi t with earlier treatment; fi gure 1). We estimated the time at which alteplase has no eff ect to be 6·3 h (95% CI 5·0-13·8) and the time at which the lower 95% CI for the estimated treatment benefi t fi rst crossed 1·0 to be 5·1 h (fi gure 1). When estimated in the three predefi ned subgroups of treatment delay, alteplase signifi cantly increased the odds of a good outcome when given within 3·0 h (OR 1·75, 95% CI 1·35-2·27; p<0·0001) or after 3·0 h up to 4·5 h (OR 1·26, 95% CI 1·05-1·51, p=0·0132), but not after 4·5 h (OR 1·15, 95% CI 0·95-1·40; p=0·15; fi gure 2). The eff ect of alteplase on a good outcome was chiefl y driven by treatment delay; after controlling for treatment delay, neither age nor severity of stroke contributed signifi cant additional predictive value (appendix p 5). After allowing for diff erences explained by treatment delay, the eff ect of alteplase on a good outcome reported in IST-3 was consistent with that reported in the eight previous trials (p for inconsistency=0·92).
Age did not change the eff ect of alteplase on odds of a good outcome (p=0·53; appendix p 5). The eff ect of alteplase treatment was similar for patients aged 80 years or younger (mean treatment delay 4·1 h; 990 [39%] vs 853 [34%]; OR 1·25, 95% CI 1·10-1·42, p<0·0001) and for those older than 80 years (mean treatment delay 3·7 h; 155 [18%] vs 112 [13%]; OR 1·56, 95% CI 1·17-2·08, p=0·0023; fi gure 2). We found no evidence that old age shortened the period during which alteplase could eff ectively be given (p=0·08, in the direction of lengthening not shortening the period; fi gure 3). Nor did we fi nd clear evidence that stroke severity modifi ed the eff ect of alteplase (p=0·06). In particular, there was no evidence that alteplase was less eff ective for patients who had had the least or most severe strokes (fi gure 2, appendix p 5), reinforcing fi ndings from one of the individual trials. 30 Alteplase increased the likelihood of symptomatic intracranial haemorrhage. Type 2 parenchymal haemorrhage within 7 days occurred in 231 (6·8%) of 3391 patients assigned alteplase versus 44 (1·3%) of 3365 assigned control (OR 5·55, 95% CI 4·01-7·70; p<0·0001) and SITS-MOST criteria type 2 parenchymal haemorrhage within 36 h occurred in 124 (3·7%) of 3391 versus 19 (0·6%) of 3365 (OR 6·67, 95% CI 4·11-10·84; p<0·0001). Fatal type 2 parenchymal haemorrhage within 7 days occurred in 91 (2·7%) patients assigned alteplase versus 13 (0·4%) assigned control (OR 7·14, 95% CI 3·98-12·79; p<0·0001). The proportional increase in risk of fatal intracranial haemorrhage was much the same, irrespective of treatment delay, age, or stroke severity (p interaction >0·7 for all), but the absolute excess risk increased with increasing stroke severity (fi gure 4). Alteplase did not increase the risk of other early causes of death (ie, those other than intracranial haemorrhage), and had no signifi cant eff ect on later causes of death (fi gure 5). Consequently, the early excess mortality caused by intracranial haemorrhage did not translate into a signifi cant excess of overall mortality at 90 days (608 [17·9%] vs 556 [16·5%], HR 1·11 (95% CI 0·99-1·25); p=0·07; fi gure 5). The trend towards a larger relative increase in 90-day mortality with greater treatment delay was not statistically signifi cant (p trend =0·22; fi gure 6), although the statistical power to detect any true trend was limited by the number of deaths. The eff ects of alteplase on symptomatic intracranial haemorrhage, fatal intracranial haemorrhage, and 90-day mortality reported in IST-3 were consistent with those reported in the eight previous trials (all p values for inconsistency >0·1).
Overall, therefore, despite an average absolute increase in risk of early death caused by intracranial haemorrhage of about 2%, by 3-6 months this was off set by an average absolute increase in disability-free survival (ie, mRS 0-1) of about 10% for patients treated within 3·0 h and about 5% for patients treated between 3·1 and 4·5 h.
Discussion
Our data provide further evidence about the extent to which treatment delay alters the benefi cial eff ect of alteplase for acute ischaemic stroke. We provide clear evidence for improved odds of a good stroke outcome when treatment is started within 4·5 h of ischaemic stroke, with earlier treatment resulting in bigger proportional and absolute benefi ts. The average benefi t of alteplase might even extend beyond 4·5 h for some patients. The proportional benefi ts were similar for patients aged older than 80 years compared with younger patients, and for patients with minor or severe strokes compared with other patients.
This average expected benefi t from giving alteplase within 4·5 h occurred in spite of an average absolute increase in the early risk of fatal intracranial haemorrhage of around 2%. Since alteplase had no signifi cant eff ect on other early causes of death, or on later causes of death, by 90 days this 2% excess remained but was no longer statistically signifi cant. Longer-term follow-up data are needed to test whether the eff ect of alteplase on patients who survive the fi rst week after their stroke have reduced long-term risk of death. Contrary to analyses of individual patient data done before IST-3, 2 the trend towards a bigger relative risk of 90-day mortality with increasing treatment delay was not See Online for appendix statistically signifi cant in our analysis. However, if improvements in stroke outcome among survivors do lead to parallel improvements in mortality, then one would expect that long-term survival will be greatest among those treated earliest (ie, the group most likely to benefi t from alteplase).
Our results support guidelines that recommend use of alteplase irrespective of age and up to 4·5 h after onset of stroke. 3, [10] [11] [12] In the USA, marketing authorisation has not been granted for use of altplase after 3·0 h, 9 while in some European countries marketing authorisation limits the use of alteplase to patients aged 80 years or younger. In the present analysis, the lower limit of the 95% CI for the time at which the proportional benefi t on mRS 0-1 crossed the line of no eff ect was 5·0 h, with statistically signifi cant evidence of benefi t in the prespecifi ed subset of patients with treatment delay after 3·0 h, up to 4·5 h. In addition, we found no evidence that age modifi ed either the proportional benefi ts or the proportional hazards of alteplase, with clear evidence of overall benefi t for mRS 0-1 among the 1729 patients aged older than 80 years at randomisation. Nor was there evidence that older age shortened the period during which such benefi ts were seen, according with a recent report. 31 The availability of individual data for a large number of patients enabled us to make a more precise assessment of the relative eff ects of alteplase than has been possible previously. We also included more than 1700 patients aged older than 80 years. The number of older patients with stroke is increasing as a proportion of the general population and as a proportion of those with stroke, so our analyses provide a reliable assessment of the eff ects of alteplase in this group. 32 Our analyses diff er from previous pooled analyses of alteplase trials 1,2 by including patients from IST-3, which almost doubles the number of patients available. They also diff er from previous tabular meta-analyses 20 through the use of individual data, which enables direct assessment of the potential for eff ect modifi cation. Our prespecifi ed analysis plan safeguarded against the potentially inappropriate combination of data from IST-3 with those from the previous studies. In fact, the results from IST-3 were consistent with earlier trials after adjustment for the main diff erences in patient characteristics.
Nonetheless, the open design of IST-3 and its broader defi nition of signifi cant bleeding might have infl ated our estimate of the risk of parenchymal type 2 symptomatic haemorrhage. However, the number of such events associated with early neurological deterioration or death was small, limiting the potential for this to be a source of major bias. Furthermore, the overall results from IST-3 for symptomatic intracranial haemorrhage were similar to those estimated from previous trials. Patients in IST-3 were also older on average than patients in the eight previous trials. However, this diff erence provides one of the main strengths of our analysis-the ability to compare the eff ect of alteplase reliably in old and young patients.
Although unknown systematic diff erences might also have existed between patients in IST-3 and patients in the other trials, any such characteristics would have to be strong determinants of treatment eff ect (rather than just predictors of risk) to produce material bias in our overall results. Future work will investigate the potential independent eff ect on treatment eff ect of a range of other characteristics, including sex, blood pressure, and baseline imaging features.
In conclusion, despite early increases in fatal intracranial haemorrhage, alteplase signifi cantly improves the overall likelihood of a good stroke outcome at 3-6 months. The proportional benefi t increases with earlier treatment and remains statistically signifi cant up to at least 4·5 h after initial stroke symptoms, irrespective of age or stroke severity.
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